Introduction
Calcium phosphate (CaP) bioceramics have a chemical composition similar to that of human bone. This property makes them a biocompatible material that is widely used as a bone substitute for orthopaedic applications [1] . Aside from biocompatibility, integration of a porous network in a CaP implant facilitates bone ingrowth and vascularization. Porous osteoconductive bioceramics thus have been developed to mimic the porous architecture of trabecular bone. Hence, the advantage of a porous structure, containing macropores (pore size >80-100 µm) and micropores (pore size <10 µm), is providing appropriate spaces for bone ingrowth and improving body fluid flow through the bone graft [2] .
Post-operative pathologies, like infection or inflammation of bone sites, can affect bone healing processes. Therefore, incorporating drug substances such as anti-inflammatories and antibiotics, which could be gradually released in situ, is of great interest in the development of orthopaedic drug delivery systems (DDSs). Porous bioceramic matrices are good candidates for hosting drug molecules, as drug substances can be loaded inside the pores of the drug carrier and released in situ [3] . Thus, the combination of CaP porous bioceramics with therapeutic agents meets the requirements of an ideal bone substitute by providing biocompatibility, osteoconductivity and effective drug administration to reduce implantation side effects.
Different types of CaP ceramics, such as hydroxyapatite (HA) [4] , beta-tricalcium phosphate (β-TCP) [5] , biphasic calcium phosphate (BCP) [6] , amorphous calcium phosphate (ACP) [7] and calcium-deficient HA (CDHA) [8] , have been studied as drug carriers in orthopaedic DDS applications. Among the different compositions of CaP materials, beta-tricalcium phosphate (β-TCP-Ca 3 (PO 4 ) 2 ) has attracted attention owing to its bioresorbability, which permits a gradual replacement of the implant by the newly formed bone [1, 9] . The drug delivery ability of β-TCP has been investigated in numerous studies in combination with, for example, bone morphogenetic proteins [10] , cefuroxime [11] , vancomycin [12] , gentamicin [13] and sulbactam [14] . In the mentioned examples [10] [11] [12] [13] [14] , the feasibility of β-TCP as a potential drug carrier has been proved, its drug release behaviour in vitro and/or in vivo has been shown and the effect of parameters such as carrier porosity or chemical composition of β-TCP on drug delivery has been discussed. However, the type of interaction between the drug and the β-TCP drug carrier, which is an important factor in controlling drug release kinetics, has been highlighted in only a few studies [5, 15] .
Ibuprofen is one of the most widely used nonsteroidal analgesic and anti-inflammatory model drugs because of its short biological half-life (2 h) and good pharmacological activity. Besides, its molecule size of about 0.6-1.0 nm allows its free propagation through the pore channels of host porous materials [16, 17] . As mentioned above, adding an antiinflammatory drug in such systems can attenuate the local inflammatory response to the implantation process. Such drug delivery system can also be used for the local treatment of articular inflammatory pathologies such as arthritis. In previous studies [18] [19] [20] [21] [22] , porous β-TCP pellets were produced by high-shear wet granulation and loaded with ibuprofen by solvent evaporation method. The spherical form and the size of these implants, 900 µm in diameter, can guarantee the filling of complex-shaped bone cavities, while maintaining intergranular spaces of about 180 µm for bone ingrowth. Besides, such spherical porous granules are interesting for drug delivery applications because of their controlled surface, which allows the deposition of regular and reproducible amounts of therapeutic agents [22] .
In this study, we investigated the interaction between ibuprofen and β-TCP pellets to determine the characteristics of this DDS and explain the drug release behaviour as a function of drug/carrier interactions. β-TCP porous pellets were fabricated by wet high shear granulation as in previous works [18] [19] [20] [21] [22] . The obtained pellets were loaded through impregnation: they were soaked in ibuprofen solutions, separated from their supernatant and then dried under ambient conditions. The adsorption kinetics of ibuprofen and adsorption capacity of the porous pellets were determined by varying the contact time and the concentration of ibuprofen solutions. The ibuprofen adsorption reversibility was investigated via ibuprofen desorption isotherms. The type of interactions between ibuprofen and β-TCP pellets was studied by x-ray diffraction, Fourier transform infrared (FTIR) spectroscopy and Raman scattering. The ibuprofen release profile was then obtained in a phosphate buffered solution at 37
• C.
Materials and methods

Preparation of porous β-TCP pellets
Porous β-TCP pellets were fabricated by wet high-shear granulation followed by spheronization in a Mi-Pro high-shear granulator (Pro-C-epT, Zelzate, Belgium) as described in previous works [18, 19] . Tricalcium phosphate powder (Ca 3 (PO 4 ) 2 , Cooper, France) and pregelatinized starch (Sepistab ST 200, Seppic, France) were used as granule skeleton and binder/pore former, respectively. Granules were dried in a fluidized bed dryer (Glatt, Haltingen Binzen/Baden, Germany) for 20 min at 60
• C and sieved to retain the 710-1000 µm fraction. The pellets were then annealed at 270
• C for 2 h to remove the pore former and calcined at 900
• C for 15 min in a furnace (Vecstar Ltd, UK) to obtain β-TCP phased pellets [23] with improved mechanical properties.
Drug loading
Ibuprofen 50 (BASF, Germany) was used as the therapeutic agent. The adsorption experiments were performed in triplicate by soaking 350 mg of porous pellets in ethanolic solutions of ibuprofen (technical ethanol, 96 wt%), under ambient conditions and without agitation. After a given contact time, loaded granules were separated from their supernatant and dried overnight under ambient conditions. Ibuprofen loading was performed in two different regimes:
(1) soaking the pellets in 4 ml of a 100 mg ml −1 ibuprofen solution for a period ranging between 10 min and 14 days (adsorption kinetics), and (2) soaking the pellets in 4 ml of solution and ibuprofen concentrations from 50 to 300 mg ml −1 for 1 h (adsorption isotherms).
On the basis of the high solubility limit of ibuprofen in ethanol, 428 mg ml −1 at 20
• C [24] , the adsorbed amount of ibuprofen was directly quantified by immersing loaded samples in 40 ml of ethanol for 4 h. The eluted ibuprofen concentration was measured by UV absorption spectrophotometry (Lambda 20, Elmer Perkin, USA) at λ = 264 nm. The adsorbed amount (Q) of ibuprofen was deduced as
and the drug content (DC%) was calculated as DC% = Adsorbed ibuprofen mass (mg) Loaded sample mass (mg) × 100.
Ibuprofen desorption isotherms were obtained from pellets loaded with the impregnation solution containing 300 mg ml −1 ibuprofen. After 1 h of contact, the impregnation medium was diluted with ethanol to lower the ibuprofen concentrations to 150, 100 and 50 mg ml −1 . The pellets were then kept in contact with these solutions for 1 h. After that, they were separated from the supernatants, and the adsorbed amount of ibuprofen was measured following the same procedure as described for the adsorption experiments.
Physicochemical characterizations
β-TCP porous pellets were characterized before and after treatment with an ibuprofen solution of 200 mg ml −1 for 1 h to (1) document the properties of β-TCP porous pellets and (2) investigate ibuprofen/β-TCP interactions. We also studied X-ray powder diffraction (XRD) patterns were collected using CuKα radiation (λ = 1.5406 Å) and a θ/2θ diffractometer (D8, Bruker) with a step size of 0.02
• and a count time of 2 s. Phases were identified by comparing the diffraction patterns with the International Center for Diffraction Data (ICDD) Powder Diffraction Files (00-09-0432 for HA, 00-09-0169 for β-TCP and 00-034-1728 for ibuprofen) using EVA software (Bruker AXS).
FTIR measurements (Spectrum One, Perkin-Elmer) were performed on samples prepared by mixing granules (1 wt%) with KBr powder. The spectra were collected in the range of 4000-400 cm −1 at ambient temperature, with a resolution of 2 cm −1 . Raman spectra were recorded in the 250-3700 cm
range, using a Jobin Yvon spectrometer and an argon-ion laser (514.5 nm, Stabilite 2017 Spectra physics). Samples were observed using a field emission gun scanning electron microscope (FEG-SEM, Jeol JSM-7400 F) without coating them.
The pycnometric density (d pycno , g cm −3 ) was determined using a helium pycnometer AccuPyc 1330 (Micromeritics Instruments Inc, Norcross, GA, USA). Prior to the measurements, the samples were degassed for 3 days at 30
• C in a vacuum better than 50 mTorr (VacPrep 061, Micromeritics Instruments Inc). The measurements were repeated until the density stabilized [25] .
Specific surface area (SSA, m 2 g −1 ) was measured by nitrogen adsorption using a Gemini 2360 Analyser (Micromeritics Instruments Inc.) and calculated according to the Brunauer-Emmet-Teller equation [26] . Prior to the measurements, the samples were degassed under the same conditions as for pycnometric density determination.
Porosity measurements were carried out using a mercury intrusion porosimeter (Autopore IV 9500; Micromeritics Instruments Inc) equipped with a 5 cm 3 powder penetrometer. Cumulative and incremental mercury intrusion volumes were evaluated. The intrusion volume (V intra , ml g −1 ), which corresponds to the open porosity of the pellet, was deduced and associated with the corresponding pore size diameters. The total porosity (%) was calculated as
where V solid is the solid volume, determined from the pycnometric density.
In vitro ibuprofen release
Dissolution tests [18] were performed on pellets loaded for 1 h with a solution containing 200 g l −1 ibuprofen. Unloaded pellets were also tested and used as reference. The measurements were carried out in triplicate until obtaining the constant released amount, using a phosphate buffered solution (pH = 7.5) at 37
• C as the dissolution medium. The released amount of ibuprofen was determined at regular intervals by UV absorption spectrophotometry at 264 nm. The flow-through cell apparatus described in European Pharmacopea [27] was used for this purpose. It was equipped with tablet cells of 12 mm thickness. A ruby bead of 5 mm diameter and glass beads of 1 mm diameter were placed at the apex of the flow-through cell to ensure laminar flow of the 100 ml of dissolution medium, entering into the cell at a flow rate of 2 ml min −1 . Accurately weighed loaded granules (275 mg) were placed on the glass bead bed. The automated system CE 7smart (Sotax, Basel, Switzerland) was linked to a piston pump CP7-35 (Sotax, Basel, Switzerland) and a UV-VIS spectrophotometer (Lambda 20, Elmer Perkin, USA) for a direct online analysis of the filtered sample.
The dissolution profile, i.e. cumulative percentage of released ibuprofen (q, %) versus time (t, h), was then plotted. To determine the release mechanism, the results were fitted with the Higuchi and Hixson-Crowell models, which characterize diffusion and erosion contributions, respectively. The Higuchi equation is [28] :
where a is the release rate (%/h 1/2 ) and b is a constant; the Hixson-Crowell model is [29] :
where c is the release rate.
Results
β-TCP pellets characteristics
The XRD pattern of the granules after heat treatment at 900
• C shows that they are mainly composed of well-crystallized β-TCP with a minute HA fraction (figure 1). The proportions of HA and β-TCP phases and the Ca/P molar ratio were calculated using integrated intensities of characteristic diffraction peaks of the granules calcined at 1000
• C for 15 h (data not shown) [30] . The Ca/P molar ratio was 1.512 and the final product consisted of more than 92 wt% β-TCP. The presence of HA stemmed from the composition of the initial commercial powder, which was used for pellet preparation: 80 wt% monetite and 20 wt% HA; the heat treatment at 900
• C resulted in their transformation into the stable β-TCP phase with residual HA [23] .
The typical bands of β-TCP can be observed in the FTIR absorption spectra of the pellets ( figure 2(a) ). The bands at 570 and 630 cm −1 are attributed to the bending vibration mode (ν 4 ) of the O-P-O group. The 969 and 947 cm −1 peaks are due to the ν 1 symmetric stretching of the P-O bond, and the signals at 1100 and 1040 cm −1 are assigned to the triply degenerate antisymmetric stretching mode (ν 3 ) of the P-O bond [31] . Additionally, the absorption bands assigned to the O-H group (3546 cm −1 ) indicate that a small amount of HA phase was present in the final products, confirming the XRD results. The absorption bands of H 2 O around 3400 cm originate from the degenerated asymmetric stretching mode (ν 3 ) of the PO 4 group (P-O bond). Similar to the FTIR spectrum, the weak signal at 3573 cm −1 associated with the stretching O-H − mode reveals the presence of a minor HA phase [32, 33] in the β-TCP pellets.
The obtained pellets have a surface area of 5.48 ± 0.04 m 2 g −1 , a pycnometric density of 3.04 ± 0.01 g cm
and a total open porosity of 58% (0.45 ml g −1 ). The pore size distribution ( figure 3 ) is bimodal, with small pores of 80-300 nm (80% of the total pore volume) and larger 300-2000 nm pores (20% of the total pore volume). The presence of these two pore types is confirmed from the surface morphology observations of the pellets (figure 4). The formation of large pores results from starch elimination, whereas small ones are due to the incomplete densification of initial grains after the calcination at 900
• C. The surface morphology of the pellets (figure 4(c)) shows individual grains smaller than 1 µm. They are partially sintered after heat treatment at 900
• C for 15 min. The smooth edges and necks between particles are produced by the thermal treatment. 
Drug adsorption behaviour
The drug adsorption was studied by varying two parameters: immersion time to establish ibuprofen adsorption kinetics and the ibuprofen solution concentration to obtain the drug adsorption isotherm. Figure 5 (a) shows the adsorption kinetics of ibuprofen (C = 100 g l −1 ). The drug loading is a nonlinear function of immersion time: a fast uptake is observed during the first hour and the DC% remains constant at 5.18 ± 0.14% for up to two weeks. To confirm the equilibrium time of one hour, the β-TCP pellets were loaded with solutions having two different drug concentrations (25 and 300 g l −1 ), for 1 and 24 h. As shown in figure 5(b) , increasing the ibuprofen concentration raises the DC%, but extending the immersion time from 1 to 24 h does not affect the DC%. Thus, 1 h was adopted as the equilibrium time in the following experiments.
The adsorption and desorption isotherms are indicated in figure 6 by open and solid symbols, respectively. The adsorption isotherm correlates linearly with DC% and the drug concentration in solution. DC% increases from a C e = C-(Q × SSA/4).
(2.75 ± 0.06)% to (15.37 ± 0.58)% over the entire ibuprofen concentration range without reaching a plateau ( figure 6 ). The adsorption isotherm fits to the Freundlich equation Q = aC m e , where Q is the adsorbed drug amount (mmol m −2 ), C e is the equilibrium concentration (mol l −1 ), and a (ml m −2 ) and m are constants reflecting the adsorption affinity and capacity, respectively [34] . The C e and Q pairs are listed in table 1. The constants a and m were deduced as 0.11 ml m −2 and 1, respectively, by linearizing the isotherm equation (lnQ = lna + mlnC e ). The good fit of the ibuprofen adsorption data (R 2 = 0.9816) with the Freundlich adsorption model indicates a weak affinity between the adsorbent and adsorbate [35] , here, β-TCP and ibuprofen, respectively.
The obtained desorption isotherm is superimposed with the adsorption isotherm. It follows the same linear trend (R 2 = 0.9991), indicating that the ibuprofen adsorption on the β-TCP pellets is reversible.
Loaded β-TCP pellet characterisation
Pellets loaded with the 200 mg ml −1 ibuprofen solution were further characterized to locate ibuprofen on the pellets and to determine the type of interactions between the drug and the carrier. These pellets contained 0.10 ± 0.01 mmol m −2 (Q) ibuprofen corresponding to a DC% of 8.27 ± 0.87% (table 1) .
Figures 7(a) and 7(b) show SEM images of ibuprofen and loaded pellets, respectively. A comparison between the initial (rod-like crystals) and adsorbed ibuprofen reveals that the morphology of ibuprofen is modified during adsorption on the pellets. Very fine ibuprofen filaments are present between asperities of the pellet surface. Figure 8 shows the XRD patterns of the β-TCP pellets before and after drug loading, revealing that the β-TCP pellets maintain their crystalline structure after the loading. Characteristic diffraction peaks of the initial crystalline ibuprofen are visible in the XRD pattern of the loaded pellets, indicating that the adsorbed ibuprofen has a crystalline structure. Figure 9 (a) shows the FTIR spectra of ibuprofen and β-TCP loaded with ibuprofen. The typical PO 3− 4 bands of βTCP are found in the latter spectrum. The C-H x peaks around 3000-2850 cm −1 and the band assigned to the C = O stretching mode of the -COOH group at 1720 cm −1 confirm the adsorption of ibuprofen onto the β-TCP pellets. The absorption bands assigned to the quaternary carbon atom (1462 and 1520 cm −1 ), tertiary carbon atom (1340 cm −1 ) and O-H bending vibration (1421 cm −1 ) of ibuprofen [36] overlap with the PO 3− 4 bands and are invisible in the spectrum of the loaded β-TCP. Therefore, Raman measurements were performed to characterize the adsorbed ibuprofen. The advantage of this technique over FTIR absorption is that the ν 1 (PO 4 ) mode of β-TCP appears as an intense peak, and the other stretching modes of the PO 4 group (i.e. ν 2 , ν 3 and ν 4 ) have low Raman intensities ( figure 2(b) ) and do not overlap with the ibuprofen peaks. Besides, Raman peaks are more pronounced than FTIR peaks in ibuprofen.
Indeed, the characteristic peaks of ibuprofen are visible in the Raman spectrum of the loaded pellets ( figure 9(b) ). As in pure ibuprofen, this spectrum contains the stretching bands of C-H x (ν C-H x ) between 3100 and 2700 cm −1 , consisting of symmetric and asymmetric stretching vibrations of = C-H and -C-H groups. The position of the asymmetric C = C (ν C = C) stretch at 1608 cm −1 is also similar to that of the Raman spectrum of pure ibuprofen. CO-H (H-bonded) bending modes of ibuprofen (i.e. δ(CO-H)) at 1432, 1227, 1124, 662 and 637 cm −1 are also present in the spectrum of the loaded pellets [37] .
The physical characteristics of the pellets before and after ibuprofen loading are summarized in table 2. The drug adsorption causes a slight decrease in the specific surface area of the pellets from 5.49 ± 0.05 to 4.85 ± 0.05 m 2 g −1 and a reduction of the total porosity from 57 to 50%. As illustrated in figure 3 , the decrease in pore volume is stronger for small pores (29%) than for large pores (20%). This pore filling is caused by the penetration of the drug solution inside the porous network and the deposition, after solvent evaporation, of the amount of drug corresponding to the concentration of the liquid inside the pores. The quantity of ibuprofen adsorbed in the pore volume of 0.45 ml g −1 from the 200 mg ml
ibuprofen solution is 90 mg g −1 . This is less than the amount measured by UV spectrophotometry (106 mg g −1 ) because some ibuprofen is present on the outer surface of the pellets, as illustrated in figure 7.
β-TCP pellet characterization after ibuprofen desorption
Figures 10(a) and 10(b) show the XRD pattern and FTIR spectrum of the β-TCP pellets after ibuprofen desorption in ethanol, respectively. They reveal a lack of structural modification of β-TCP upon ibuprofen loading (cf figures 1 and 2, respectively). Residual ibuprofen could not be detected by any characterization method used in this study. Figure 11 shows the dissolution profile, i.e. cumulative percentage of ibuprofen released versus time, revealing fast release from the β-TCP porous pellets. The lag time of about 3 min is the time required to obtain a homogenous drug distribution in the release medium. The profile consists of two phases: a fast release of about 70% of adsorbed ibuprofen within 15 min followed by a slow release of the remaining 30%. The total release takes 60 min. These results confirm the complete ibuprofen release from the β-TCP porous pellets. Moreover, no modification of the pellets has been observed at the end of the dissolution trial. The dissolution data were fitted by the Higuchi and HixonCrowell equations to determine the release mechanism. The fitting was performed separately for the first and second release phases. Comparison of the correlation coefficients (R 2 , table 3) indicates that both phases fit better to the Hixson-Crowell model, implying that the release of ibuprofen is controlled by drug erosion from internal and external surfaces of the β-TCP pellets.
In vitro ibuprofen release
Discussion
The previous works concerning β-TCP/ibuprofen delivery systems for bone substitution applications [19, 20] demonstrated the feasibility of producing porous pellets by high-shear wet granulation, followed by heat treatment. The drug loading by vacuum impregnation and solvent evaporation allowed the complete deposition of the anti-inflammatory agent present in the loading solution. The objective of this work was to investigate the ibuprofen adsorption mechanisms. Therefore, the drug loading was performed by immersing β-TCP pellets in the drug solution and removing the supernatant after various immersion times.
We found that ibuprofen uptake by the β-TCP pellets reaches equilibrium within one hour. Charney et al [38] have shown that ibuprofen molecules diffuse with the solvent into the pores by capillarity and remain trapped there after solvent removal. The adsorption equilibrium time for the β-TCP pellets can be defined as the time needed by the pores to be saturated by a given liquid, here ibuprofen solution. As shown in a study by Stähli et al [35] , the impregnation of a porous object, dipped in a liquid, occurs when the liquid can penetrate the porous network through capillary rise while air exits from the scaffold. Therefore, capillary rise proceeds as long as air can move out of the capillary under the capillary pressure. It has been shown that β-TCP porous pellets sized between 710 and 1000 µm contain an open-pore network with a total open porosity of 57%. Thus, the adsorption equilibrium time could be related to the time required to reach equilibrium between the capillary pressure and the pressure of air trapped inside capillaries.
The adsorbed amount of ibuprofen increases linearly with the drug concentration in the adsorption solution, without saturation. The same linear behaviour was observed by Gburek et al [35] for the adsorption of vancomycin on brushite, monetite and hydroxyapatite. The obtained adsorption isotherms fit to a Freundlich-type equation, indicating weak adsorption [34] . The physicochemical characterizations of ibuprofen-loaded pellets confirm the weak affinity between the adsorbate and adsorbent.
The lack of changes in the Raman signals of PO 3− 4 groups indicates that the β-TCP structure was not affected by the ibuprofen adsorption. The same conclusion can be drawn for ibuprofen, indicating that the ibuprofen adsorption on the β-TCP porous pellets proceeds via physisorption. Furthermore, the XRD patterns of the loaded pellets suggest a lack of structural transformation either in the β-TCP pellets or in ibuprofen during the drug uptake. This can be related to the fact that crystallization can occur for a channel pore size significantly larger than the molecular size, about 20 times the size of the molecules [40] . Thus, the pore size of the β-TCP pellets is sufficiently large to permit the recrystallization of ibuprofen molecules (0.6-1 nm size) during the solvent evaporation. XRD, FTIR and Raman results indicate that neither adsorbed ibuprofen nor β-TCP undergo any chemical or structural modifications. These results agree with the drug adsorption behaviour. The adsorption mechanism deduced here (i.e. physisorption) is compatible with the complete ibuprofen release and it can be explained by the weak drug/substrate affinity and the coincidence of the ibuprofen adsorption and desorption isotherms. Under the experimental conditions used for the in vitro dissolution trials, ibuprofen release occurred within one hour, which is considered very fast. However, note that this test was not performed to simulate in vivo conditions. In particular, the circulation rate of physiological fluids is weaker than the flow rate used in this work. The objectives of our experiment were to (1) verify that all ibuprofen is released into the dissolution medium, without any irreversibly adsorbed drug remaining in the pellets and (2) determine the drug dissolution mechanisms. The results show that the ibuprofen release is governed by drug erosion from the external and internal surfaces of the pellets.
In summary, the drug adsorption via physical interactions results in reversible drug/carrier binding without any modification of the physicochemical properties of either the drug or carrier. This property is favourable for maintaining therapeutic effects of the drug and osteoconductive properties of the carrier after the drug release. Therefore, ibuprofen-loaded β-TCP pellets are good candidates for bone defect filling and local ibuprofen delivery.
Conclusions
The adsorption of ibuprofen onto β-TCP porous pellets was investigated to develop an antiinflammatory delivery system for orthopaedic applications. More specifically, we aimed to reveal the type of interaction between the drug molecule and the calcium phosphate ceramic. The ibuprofen uptake by β-TCP porous pellets is very rapid, with the adsorption equilibrium attained within one hour, and the ibuprofen adsorption isotherms are described using the Freundlich equation, indicating a weak affinity between the adsorbent and adsorbate. This weak affinity was confirmed by spectroscopic measurements, which suggest that ibuprofen was adsorbed onto the β-TCP porous pellets through physisorption. No new bonds were formed during the adsorption. Thus, the ibuprofen molecule adsorbed onto the β-TCP pellets without chemical and structural modifications and its therapeutic properties should be preserved. An in vitro dissolution test showed the complete release of ibuprofen, and characterization of in vivo release kinetics and drug efficiency of the ibuprofen/β-TCP system is being planned.
